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Candida albicansa b s t r a c t
Candida albicans D-erythroascorbate peroxidase (EAPX1), which can catalyze the oxidation of
D-erythroascorbic acid (EASC) to water, was observed to be inducible in EAPX1-deﬁcient and
EAPX1-overexpressing cells via activity staining. EAPX1-deﬁcient cells have remarkably increased
intracellular reactive oxygen species and methylglyoxal independent of the intracellular EASC con-
tent. The increased methylglyoxal caused EAPX1-deﬁcient cells to activate catalase-peroxidase and
cytochrome c peroxidase, which led to defects in cell growth, viability, mitochondrial respiration,
ﬁlamentation and virulence. These ﬁndings indicate that EAPX1 mediates cell differentiation and
virulence by regulating intracellular methylglyoxal along with oxidative stresses, regardless of
endogenous EASC biosynthesis or alternative oxidase expression.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
L-ascorbic acid (ASC), which is biosynthesized in higher plants
or almost every type of animal, except for some rodents, birds or
primates, plays a pivotal role in antioxidant defense [1,2].
However, certain eukaryotic cells use an isomeric D-form of ery-
throascorbic acid (EASC), which is a ﬁve-carbon homologue of
ASC [3]. We previously reported crucial roles for Candida albicans
or Saccharomyces cerevisiae EASC synthesized from D-arabinose
[4–7], which is different from animal or plant ASC biosynthesis
[8]. EASC-deﬁcient Candida cells have ﬁlamentous growth defects,
indicating that intracellular EASC has a morphological regulator
function [9]. EASC can stimulate cyanide-resistant respiration bytriggering two-electron transfer reactions during cellular
respiration through the ubiquinone-consuming alternative oxidase
(AOX) [10,11]. AOX gene expression is only induced by the
intracellular EASC content, independently of cellular H2O2 [11].
Additionally, the reduced cellular susceptibility against the
oxidative stresses, particularly including superoxide radicals and
H2O2, induced metabolic genes, such as AOX, ascorbate peroxidase
(APX), cytochrome c peroxidase (CCP) or catalase-peroxidase (KatG)
in plants [12]. Therefore, ASC seems to regulate cell morphology
and oxidoreductase gene expression levels, such as with AOX or
heme-containing peroxidases.
ASC, which is able to achieve recalcitrant organogenesis in vitro,
is currently recognized as a new type of cell growth regulator
together with methylglyoxal [13]. Moreover, advanced glycation
end product (AGE) formation is driven by carbonyl molecules, such
as glucose, ASC and methylglyoxal [14]. These intracellular
a-dicarbonyls are involved in AGE formation via various
mechanisms, which can be preceded by enzyme reactions, Schiff
base formation, and Amadori adducts that are particularly relevant
to the interaction between ASC and methylglyoxal [15,16].
Herein, to uncover a reciprocal relationship between EASC and
methylglyoxal that is based on previous investigations, C. albicans
erythroascorbate peroxidase homologous gene (EAPX1) was dis-
rupted or overexpressed. We intended to verify the physiological
Table 1
Strains, primers, and plasmids used in this study.
Strain, primer, or plasmid Genotype, sequence, or description Source or reference
C. albicans
SC5314 Wild type isolate Fonzi and Irwin [25]
CAI4 Dura3::imm434/Dura3::imm434 Fonzi and Irwin [25]
MK901 Dura3::imm434/Dura3::imm434 Deapx1::hph-URA3-hph/MGD1 This study
MK902 Dura3::imm434/Dura3::imm434 Deapx1::hisG/EAPX1 This study
MK903 Dura3::imm434/Dura3::imm434 Deapx::hisG/Deapx1::hph-URA3-hph This study
MK904 Dura3::imm434/Dura3::imm434 Deapx1::hisG/Deapx1::hisG This study
MK905 Dura3::imm434/Dura3::imm434 (YPB1-ADHPt) This study
MK906 Dura3::imm434/Dura3::imm434 (pMK6E-ADHPt) This study
Primers
MK3a-ApaI 50-GAGCTCGGATAACTCTTCGTTTTATCCGTC-30 , SacI site of pMK5F This study
MK3b-SacI 50-GGTACCATATGAAGATATTTTTTAATTGAT-30 , KpnI site of pMK5R This study
MK3c-BglII 50-AGATCTATGTCTTCATCTACTACAGTTTTC-30 , BglII site of pMK5E This study
MK3d-XhoI 50-CTCGAGTTAACCAATAATTTGAGCAACCGA-30 , XhoI site of pMK5E This study
Plasmids
P5922 4.1 kb HindIII/SacI-digested hisG-URA3-hisG of p5921 in pGEM-7Z(+) Hwang et al. [26]
YPB-ADHPt Expression vector containing promoter and terminator regions of ADH1 gene in YPB1 Bertram et al. [27]
pMK5F pGEM-T Easy vector containing MK5a-MK5b fragment This study
pMK5R pMK5F vector containing hisG-URA3-hisG This study
pMK5E pGEM-T Easy vector containing MK3c-MK3d fragment, EAPX1 ORF This study
pMK6E YPB-ADHPt vector containing MK3c-MK3d fragment, EAPX1 ORF This study
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changes or virulence by regulating the intracellular EASC or
methylglyoxal levels, reciprocally. We elucidated that EAPX1 gene
expression might be induced concurrently with KatG and CCP only
in the methylglyoxal- or reactive oxygen species (ROS)-increased
conditions in budding yeast. However, EAPX1 contributes the mor-
phological switch from budding yeast to hyphae, independently of
KatG or CCP, and it has APX and class I peroxidase activity similar
to the APX in plants [17]. This is the ﬁrst report demonstrating that
intracellular methylglyoxal, which is changed by APX gene disrup-
tion or overexpression, affects cell differentiation and virulence,
independently of intracellular EASC content in C. albicans.
2. Materials and methods
2.1. Yeast strains and growth conditions
The C. albicans strains used in this study are listed in Table 1. To
grow Candida cells containing disrupted or overexpressing genes,
cells were cultured in YPD (1% yeast extract, 2% peptone, and 2%
glucose) or minimally deﬁned SD (2% glucose, 0.5% ammonium sul-
fate, and 0.17% yeast nitrogen base without amino acids and
ammonium sulfate) in liquid or on 1.8% agar-containing plates
[18,19]. All Ura+- and Ura-derivatives were inoculated
(2  105 cells/mL) and grown at 28 C, respectively.
To induce hyphal growth, budding Candida cells were
mid-exponentially grown at 28 C in SD liquid broths.
Approximately ﬁfty to one hundred cells per plate were inoculated
for 6 days on different medium. Solid Spider [20] and Lee’s media
[21] and were used and cells were grown at 37 C and 28 C as pro-
posed [9], respectively.
2.2. EAPX1 and peroxidase activity assays
The EAPX activity was spectrophotometrically measured by
EASC or ASC oxidation using H2O2 at 290 nm (absorption coefﬁ-
cient e = 2.8 mM1 cm1) as proposed [19]. The 0.5 mL EAPX assay
mixture for enzyme electron donors consisted of 50 mM potassium
phosphate, pH 7.0, when using substrates of 0.05 mM ASC or EASC
and 0.1 mM H2O2.
EAPX1 activity detection in native gels was performed using
25 mM TEMED and 2.5 mM NBT as described with minor modiﬁca-
tions [22]. The unknown peroxidase activity staining witho-dianisidine in the presence of H2O2 was performed as previously
described [23]. Additionally, catalase activity in native gels was
performed as previously described [24].
2.3. Candida EAPX1 disruption and overexpression
EAPX1 disruption was performed with the URA blaster tech-
nique using p5922, a derivative p5921, as previously described
[9,25,26]. The occurrence of the desired integration events in all
of the transformants was veriﬁed with Southern blot analysis.
To overexpress EAPX1 in C. albicans, the YPB1-ADHPt vector
containing the C. albicans ADH1 promoter and terminator regions
was used [27]. The primers and plasmids used in this study are
listed in Table 1.
2.4. CCP1 puriﬁcation
Wild-type SC5314 was used for the peroxidase puriﬁcation.
Approximately 2  105 cells were used as a seed inoculation for
cell growth, and the Candida cells were grown until the late expo-
nential phase (24 h). Approximately 100 g (wet mass) of Candida
cells were harvested by centrifugation at 4000g for 15 min,
washed twice with ice-cold sterilized distilled water, resuspended
in 50 mM potassium phosphate buffer, pH 7.0, containing 1 mM
phenylmethylsulfonyl ﬂuoride and homogenized with four 30 s
pulses at 4 C in a Bead Beater Cell Homogenizer (Biospec
Products). Unbroken cells and cell debris were removed by cen-
trifugation at 8000g for 30 min. The resulting supernatant was
transferred and used as the crude extract during the enzyme
puriﬁcation procedures, which were performed with open column
chromatography or a fast protein liquid chromatography system
(GE-healthcare). The Candida CCP1 puriﬁcation was performed
using column chromatography [7,28] based on both the plant
APX puriﬁcation and activity staining, as previously described with
modiﬁcations [19,22–24].
2.5. Electroblotting and staining for the N-terminal and internal
sequencing analysis
For the N-terminal and internal sequencing analysis of the puri-
ﬁed peroxidase, the protein was subjected to SDS–PAGE and the
nitrocellulose membrane (Pharmacia) protein transfer was per-
formed with a proposed method that was previously described
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(PVDF, Pharmacia) and sequencing of the corresponding bands
were performed. The PVDF membranes were soaked in 25 mM
Tris, 192 mM glycine, 20% v/v methanol buffer for 18 h at 30 V con-
stant voltage in a transblot tank (Bio-Rad). The resulting blots were
stained for 1 min with staining solutions that consisted of 0.1%
Ponceau S (Fluka) solution in 1% acidic acid, and then they were
washed with 1% acetic acid and air-dried.
2.6. EASC, ROS, methylglyoxal and GSH measurements
The intracellular EASC and GSH levels were observed as pro-
posed previously [6,31]. The samples were applied to analytical
high-performance liquid chromatography system (Waters) that
was equipped with a Waters 460 electrochemical detector. The
resulting extracts were separated with ZORBAX SB-C18 columns
(Agilent, 250 mm  4.6 mm) and eluted with 0.1% triﬂuoroacetic
acid at a ﬂow rate of 0.7 mL/min.
To observe the intracellular methylglyoxal level, quinoxaline
derivatives, which were ﬁltered with 0.22 lm-cellulose acetate
membrane, were obtained with o-phenylenediamine and mea-
sured as previously described [28].
The intracellular ROS concentrations were also determined as
previously described [28].
2.7. Oxidant resistance assay
The susceptibility of the cells to H2O2 or menadione was exam-
ined as described with modiﬁcations [6]. All of the Candida cells
were grown in minimally deﬁned medium to mid-logarithmic
phase (5  106 cells/mL) and used for the oxidative stress resis-
tance assay, as previously described [9]. The colonies were counted
after incubation for 3 days at 28 C.
Additionally, the oxidant resistance assay was performed on
agar plates as proposed with some modiﬁcations [32]. To deter-
mine the sensitivity of the cells to oxidants, H2O2 or
menadione-treated cells were plated onto SD agar plates. The
resulting colonies were counted after incubation for 3 days at
28 C.
2.8. Northern blot analysis
Total RNA from cells grown in SD broth were prepared with a
hot phenol extraction, as previously described [33]. Twenty micro-
grams of RNA was separated on a 1.0% agarose gel containing
0.22 M formaldehyde and transferred to a Hybond-N+ nylon mem-
brane (GE-Healthcare). The coding regions of various genes were
ampliﬁed with PCR and labeled with (a-32P)-dATP for 16 h at
30 C. The signal was developed with a BAS-2500 bio-imaging sys-
tem (FujiFilm).
2.9. Virulence test
BALB/c (white, female) mice weighing 17-20 g were used to test
the virulence of the different strains. The virulence of
EAPX1-deﬁcient or EAPX1-overexpressing cells was determined,
as previously described [9].
3. Results and discussion
3.1. EAPX1-deﬁcient cells decrease in the cell respiration
We previously demonstrated that intracellular EASC could acti-
vate cyanide-resistant respiration by inducing AOX geneexpression, which was not stimulated by an EASC-biosynthesizing
enzyme, independently of arabinono-1,4-lactone oxidase (ALO1)
[11]. Moreover, the EASC-mediated AOX gene expression did not
correlate with the intracellular H2O2 content in C. albicans [11].
The EASC oxidation was revealed to be less sensitive against exoge-
nous H2O2 exposure than other oxidants and the intracellular EASC
content could not affect the intracellular GSH concentration in S.
cerevisiae [34]. These results suggest that ASC or EASC had a limited
protecting role against oxidative stress in yeast cells [11,34].
However, when the plants lacking chloroplastic peroxidases or
APX lost their ascorbate-oxidizing activity, which can predomi-
nantly regulate cellular H2O2 [35], they severely underwent cellular
damage by H2O2 [36]. Additionally, a chloroplastic homologue of
mitochondrial AOX gene expression was signiﬁcantly induced in
the APX-deﬁcient cells [12]. Furthermore, the elevated endogenous
ROS reciprocally increased the methylglyoxal level [28], indicating
that the intracellular GSH content could be drastically changed by
other redox buffering mechanisms in fungi [37]. Additionally,
in vitro spectrophotometric evidence for the hydrogen bonded
complex formation betweenmethylglyoxal and ASCwas postulated
[38]. Thus, we hypothesized that ASC-oxidizing APX or other perox-
idases might be engaged in redox homeostasis, especially in terms
of the intracellular EASC, methylglyoxal or GSH by regulating the
oxidative stress.
Based on our hypothesis on the relationship between APX and
cellular redox buffers, we found a plant-like peroxidase gene,
CaO19.584, in the peroxidase-like superfamily from the C. albicans
genome database (http://www.candidagenome.org/). The
APX-like homologue CaO19.584 gene, which was named as the
putative EAPX1 gene in this study, was disrupted by the sequential
deletion of alleles (Fig. 1A) and conﬁrmed by Southern blot analysis
(Fig. 1B) or activity staining (Fig. 1C), which appeared as achro-
matic bands that were produced by peroxidase isozymes. The
EAPX1 gene expression was predicted to be inducible through the
APX activity staining due to the absence of the achromatic band
in the wild-type cells (Fig. 1C). The EAPX1 gene expression at the
mRNA transcription level was also observed to be inducible in
the EAPX1-deﬁcient or EAPX1-overexpressing cells
(Supplementary Fig. 1). Except for the t-BuOH, the EAPX1 gene
expression was signiﬁcantly induced in the presence of H2O2,
menadione and diamide, although the transcriptional EAPX1 gene
expression level was different depending on the oxidant that was
utilized (Supplementary Fig. 1). Moreover, we measured the APX
activity of EAPX1-overexpressing MK906 cells, which was carried
with an episomal expression construct of the EAPX1 gene in C. albi-
cans with ASC spectrophotometrical analysis, as described in
Section 2 (Fig. 1D).
Because the biological and biochemical activity of both EASC
and ASC were proposed to be quite similar [39], the EAPX1 activity
was examined with ASC instead of EASC evaluations during the
activity staining or spectrophotometric analysis. The growth rate
of the MK903 strain was defective compared with the other strains
(Fig. 1E). The EAPX1-deﬁcient or EAPX1-overexpressing cells
showed more sensitivity or resistance against the exogenous
H2O2 and menadione, which signiﬁcantly contrasted the reference
experiments (Fig. 1F). In contrast to the enhanced sensitivity of the
MK903 strain against the exogenous oxidants, the MK906 cells
were resistant against the exogenous H2O2 and, especially, the
menadione treatments (Fig. 1F). Thus, EAPX1 seemed to be
required for the redox maintenance that is required to survive dur-
ing the C. albicans cell growth phase. These results corresponded
with previous investigations on the essential requirement of APX
gene expression that is responsible for the cell growth and viability
against oxidative stress, especially H2O2 [40–42].
Fig. 1. Sequential disruption of the EAPX1 gene and its characteristics in C. albicans. (A) A restriction map of the EAPX1 locus with the insertion of the hisG-URA3-hisG cassette
at the XbaI and KpnI sites in EAPX1 coding region is shown. The XbaI/KpnI-digested hisG-URA3-hisG fragment was supposed to be inserted between the ﬂanking region of the
upstream of EAPX1 and its coding sequence. The restriction sites are as follows: Sp, SspI; E, EcoRI; X, XbaI; and K, KpnI (B) Southern blot analysis. Genomic DNA that was
digested with SspI in each disruptant, including Ura+ and Ura derivatives were as follows: CAI4; EAPX1/EAPX1 (lane 1), MK901; Deapx1::hisG-URA3-hisG/EAPX1 (lane 2),
MK902; Deapx1::hisG/EAPX1 (lane 3), MK903; Deapx1::hisG/Deapx1::hisG-URA3-hisG (lane 4) and MK904; Deapx1::hisG/Deapx1::hisG (lane 5). (C) EAPX1 activity staining,
using NBT and TEMED in native-PAGE gels, was used with the indicated strains. (D) EAPX1 activity in MK906 cells following UV–Vis spectrophotometer analysis. (E) MK903
and MK906 cell growth rates. 2  105 wild-type and EAPX1mutant cells/mL SD broth were grown to the late-exponential phase. (G) Effects of H2O2 and menadione on MK903
and MK906 strain cell viability. Exponentially growing cells were treated with the given concentrations of H2O2 and menadione for 80 min at 28 C. The data are presented as
the mean values and standard errors of three independent experiments. (G) Random peroxidase activity staining using o-dianisidine in the presence of H2O2. The positive
stains were shown after the gels were soaked in reaction buffer for 15 min. (H) Candida cytosolic peroxidase was puriﬁed. PRX1 was revealed to have a bifunctional property
bearing KatG activity. Additionally, PRX2 was isolated and identiﬁed with SDS–PAGE (left), and the N-terminal/internal sequences were determined, as described in Section 3.
The SDS–PAGE (middle) and puriﬁed enzyme activity staining (right) results are shown.
1866 M.-K. Kwak et al. / FEBS Letters 589 (2015) 1863–18713.2. EAPX1-deﬁcient budding yeast cells induce CCP1
The relatively weak EAPX1 activity was spectrophotometrically
detected in the wild-type cell crude extract compared with the
other strains (Fig. 1D). However, the EAPX1 activity, when evalu-
ated with native-PAGE using NBT in the presence of TEMED, was
not observed in all of the experimental conditions (Fig. 1C).Hence, we investigated the possibility of other APX-like activities
in C. albicans. Through native gel experiments using the peroxidase
activity stain, o-dianisidine, in the presence of H2O2, two types of
peroxidase activities were noticeably observed in the
EAPX1-deﬁcient cells, including in the MK901 and MK903 cells
(Fig. 1G). In the case of PRX1 (Fig. 1G), KatG-speciﬁc activity was
identiﬁed by running a duplicate gel concomitantly along with
Fig. 2. Candida peroxidase puriﬁcation. SDS–PAGE gels after the o-dianisidine activity assay was conducted in the presence of H2O2. The active fractions were determined and
collected with DEAE-Sepharose chromatography, which was driven by the activity assay (A), Phenyl-Sepharose chromatography (B), Sephacryl S-300 gel ﬁltration
chromatography (C) and pre-packed (1 mL) Resource Q chromatography (D). All of the puriﬁcation steps are described in Section 2.
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the C. albicans had constitutive and bifunctional cytosolic KatG
activity (Fig. 1G). Additionally, we puriﬁed and identiﬁed PRX2,
which showed signiﬁcant peroxidase activity in the
EAPX1-deﬁcient cells (Fig. 1G), when using the o-dianisidine stain
in the native gels.
As described in Section 2, SDS–PAGE experiments, after activity
staining resulting from several chromatography types, including
DEAE CL-6B, Phenyl Sepharose CL-4B and gel ﬁltration, were per-
formed during the puriﬁcation steps (Fig. 2). The amino acid
sequence was analyzed and identiﬁed with the N-terminal and
internal sequencing method and is as follows: LFGASAGNVKIAKV
as the N-terminal sequencing (line) and NAGVGREFLMEFL as the
internal sequencing (dotted line) (Fig. 3). Therefore, we conﬁrmed
that the plant-like peroxidase gene in the peroxidase-like super-
family of C. albicans was at the CaO19.7868 loci. Additionally,
EAPX1 showed a 41.3% sequence similarity with the puriﬁed
CCP-like homologue gene, CaO19.7868, which was annotated as
CCP1 in the Candida genome database (http://www.can-
didagenome.org/). However, Candida CCP1 showed a low similarity
(50.1%) to other S. cerevisiae CCP (Fig. 3). Based on the peroxidase
activity staining using the cell crude extracts, we concluded that
the Candida CCP1 activity was signiﬁcantly induced compared with
that of KatG in the absence of EAPX1 activity.
3.3. EAPX1 regulates cellular ROS and methylglyoxal by inducing CCP1
and KatG independently of EASC expression and respiration in budding
yeast
We previously observed that EASC directly affects mitochon-
drial respiration in ALO1 mutants [11]. Because the growth rate
in MK903 and MK906 cells might be changed by physiological
alterations, including EASC biosynthesis and AOX gene expression,
the intracellular EASC content and mitochondrial respiration rates
were preferentially investigated. The cellular changes in the ROS or
MG production were presumed to affect the growth rates and EAPXactivity in the MK903 or MK906 strains (Fig. 1), independently of
the intracellular EASC level and mitochondrial respiratory rates.
The MK903 and MK906 cells displayed increased and decreased
EASC levels, respectively (Fig. 4A), which coincided with the
change in their cellular respiration rates (Table 2). Based on this
ﬁnding, the intracellular EASC levels in the MK903 and MK906 cells
seemed to directly regulate the AOX gene expression along with
the ALO1 activity, which was similar to our previous reports [11].
This result also corresponded with the intracellular EASC level,
with participates in mitochondrial respiration, as previously
reported [9,11]. Additionally, when the effect of cyanide in the
EASC-increased or EASC-decreased cells, including both the Ura+
derivatives MK903 or MK906 and Ura derivatives MK902 and
MK904, was observed, the AOX gene expression seemed to be
affected by the intracellular EASC, which was similar to that of
the EASC-deﬁcient WH204 and EASC-overproducing WH206 cells
[11]. Hence, the cyanide-resistant respiration rates in the MK901
and MK903 cells were increased compared with the wild-type cells
(Table 2). The MK906 cells also underwent decreased
cyanide-resistant mitochondrial respiration compared with the
MK905 cells. Therefore, we postulate that EAPX1 seemed to regu-
late cellular respiration in an EASC content-dependent manner.
Interestingly, the intracellular ROS levels were increased and
decreased in the MK903 and MK906 cells, respectively, which
was in contrast to the changes in the EASC content and was reverse
proportional to the ROS levels in these cells (Fig. 4B).
This result corresponded with the previous investigation
that catalytic EASC oxidation in ALO1-deﬁcient and
ALO1-overexpressing cells maintained a parallel pathway only via
AOX gene expression, which was irrelevant to endogenous H2O2
[11]. Nevertheless, the cells lacking the APX or KatG showed the
more sensitivity against ROS, although metabolic genes were
induced, such as pentose phosphate pathway genes, monodehy-
droascorbate reductase and AOX in plants [12]. Furthermore, it
was reported that the ROS content concomitantly increased during
methylglyoxal biosynthesis in fungi [28] and thereby promoted
Fig. 3. A multiple alignment of the deduced C. albicans EAPX1 amino acid sequences along with sequences from the puriﬁed Candida CCP1 from this study and S. cerevisiae
CCP are shown. Identical residues are indicated with shaded letters. The sequence similarities between Candida EAPX1 and CCP in Candida and S. cerevisiae are shown. CaAPX,
C. albicans EAPX1; CaCCP, C. albicans CCP1; SaCCP, S. cerevisiae CCP. The amino acid sequences were aligned using Clustal 2.1. Additionally, the resulting sequences from the N-
terminal (line) and internal sequencing (dotted line) analysis are shown.
Fig. 4. The (A) EASC, (B) ROS, (C) methylglyoxal and (D) GSH intracellular concentrations in the MK903 and MK906 cells. The measurement of each compound was observed
during the early, mid and late exponentially growth phase of the cells in minimally deﬁned SD broth. All of the experimental procedures were independently repeated at least
three times.
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Table 2
The mitochondrial respiration in the EAPX1-deﬁcient or EAPX1-overexpressing cells.
Strain Cell respiration (nmol O2/h/mg wet cell)
No treatment CN treatment
Ura+ derivatives
SC5314 109.61 ± 4.55 36.75 ± 5.13
MK901 121.48 ± 7.26 40.95 ± 3.89
MK903 131.99 ± 5.58 59.24 ± 4.81
MK905 105.06 ± 4.67 40.51 ± 3.3
MK906 70.13 ± 3.68 22.58 ± 1.9
Ura derivatives
CAI4 99.67 ± 4.06 21.08 ± 3.76
MK902 105.33 ± 2.24 32.82 ± 1.98
MK904 118.72 ± 6.54 46.75 ± 5.12
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was maintained between H2O2 and ASC or EASC [9,11].
Additionally, respiratory inhibition in plants gave rise to both
ROS or MG production, which accompanied GSH depletion [44].
Thus, the APX-deﬁcient cells might display increased ROS and
methylglyoxal production via a completely different mechanism
from the ALO1 mutants. Similar to the previous investigations as
described, the intracellular methylglyoxal levels increased in the
MK903 cells, which was in contrast to the signiﬁcant decrease
observed in MK906 cells that coincidentally accompanied elevated
cellular ROS production (Fig. 4C). The intracellular GSH level was
also remarkably decreased in the MK903 cells in contrast to the
MK906 cells (Fig. 4D), as expected. From these results, we con-
cluded that EAPX1 might play a role in the regulation of redox
homeostasis, similarly to plant APXs, as a mediator of cellular
methylglyoxal, ROS production, GSH utilization and/or
EASC-oxidizing antioxidant enzyme activity.
3.4. EAPX1 regulates cell differentiation and virulence during hyphal
growth independently of CCP1 and KatG activity
The MK903 and MK906 cells exhibited higher sensitivity or
resistance against various exogenous oxidants, including H2O2,Fig. 5. The effect of the MK903 and MK906 cells on C. albicans hyphal growth. All of the
inoculated with 2  105 cells. These indicated strains were spotted and incubated on
compounds, including H2O2, methylglyoxal, ASC and GSH were treated before inoculatiomenadione, diamide, paraquat and t-BuOH, respectively, in mini-
mally SD agar plates (Supplementary Fig. 3) than the reference
strains, which was similar to the H2O2 and menadione survival test
result (Fig. 1F). Additionally, the MK903 cells displayed a growth
defect and increased the intracellular methylglyoxal and ROS con-
centrations, which was in contrast to the MK906 cells, as described
(Figs. 1E and 4). This result fully corresponded with the previous
report that the Candida ADH1-deﬁcient cells, which resulted in
increased intracellular methylglyoxal levels followed by a
proportional ROS production, showed defective hyphal growth in
C. albicans [28]. Interestingly, the EAPX1-deﬁcient cells underwent
attenuated hyphal formation during the morphological
switch from yeast to hyphae (Fig. 5), which was similar to
ADH1-deﬁcient cells [28].
To address whether the intracellular methylglyoxal and ROS
levels might affect Candida differentiation similar to the
ADH1-disruptant in our previous study [28], the EAPX1 mutants
were treated with exogenous H2O2, methylglyoxal, KCN, ASC and
GSH during hyphal formation (Fig. 5). The H2O2-, methylglyoxal-
and KCN-treated MK903 and MK906 cells showed defective hyphal
growth in EAPX1-deﬁcient cells compared with the cells treated
with the ASC or GSH, respectively, (Fig. 5), indicating that endoge-
nous or exogenous methylglyoxal and ROS could commonly affect
cell differentiation similar to ADH1-deﬁcient cells, although its
mechanism was elusive. However, the same amount of ASC- or
GSH-treated MK901 and MK903 cells displayed a steady-state or
slightly enhanced ﬁlamentation compared with the H2O2-,
methylglyoxal- or KCN-treated cells (Fig. 5). Noticeably, the
non-ﬁlamentous growth pattern of the MK906 cells did not change
in all of the experimental conditions (Fig. 5).
To explain why the defective ﬁlamentous growth was
observed in the MK903 or MK906 cells, transcriptional levels of
hyphal- or virulence-speciﬁc genes, including ALS1, ECE1, HWP1,
INT1 and HYR1, were observed (Fig. 6A). Every type of hyphal-
or virulence-speciﬁc gene was signiﬁcantly decreased at the tran-
scriptional level in the MK903 cells, except for ECE1 (Fig. 6A).
Additionally, the MK906 cells exhibited a more signiﬁcantly
diminished RNA proﬁle, despite less signiﬁcant ALS1 expressionstrains used in this experiment were grown for 18 h (mid-exponential phase) and
(A) Spider and (B) Lee’s agar plates at 37 C and 28 C for 6 days. The exogenous
n of each Candida strain on agar plates.
Fig. 6. The effects of the MK903 and MK906 strains on ﬁlamentous growth and virulence in C. albicans. (A) RNA proﬁles of the hyphal- or virulence-speciﬁc genes in the
MK903 and MK906 strains are indicated. (B) Virulence tests of the MK903 and MK906 cells in a mouse model. BALB/c mice were inoculated with 1  106 cells of each strain in
a ﬁnal volume of 100 lL through the lateral tail vein. The curves are the compiled results of two replicate experiments (ten mice for each strain in each experiment). (C) The
KatG and CCP1 activities were not changed during the ﬁlamentation, and this was independent of the EAPX1 gene expression. The crude cell extracts were obtained from cells
grown in SD broth at the mid-exponential growth phase. Additionally, differentiated cells on Spider agar plates were microscopically observed after 6 days.
1870 M.-K. Kwak et al. / FEBS Letters 589 (2015) 1863–1871(Fig. 6A). Based on these observations, we assessed for reduced
Candida virulence in mice injected with MK903 or MK906 cells,
which were signiﬁcantly attenuated during the death phase
(Fig. 6B). Therefore, EAPX1 was revealed to be necessary for the
hyphal growth and full virulence of C. albicans. The defective
hyphal growth and attenuated virulence in the MK903 or
MK906 cells also coincided with the results in parallel with our
previous observation in the ADH1-disruptant strain of C. albicans
[28]. Additionally, in contrast to the signiﬁcant Candida CCP1
and KatG gene expression levels, which are utilized for scavenging
cellular ROS or methylglyoxal in budding yeast, independently of
intracellular EASC content, the CCP1 and KatG activity did not
change during the morphological switch from yeast to hyphae
(Figs. 4–6). These results indicated that EAPX1 seemed to fully
participate in the Candida morphology, irrespective of other
peroxidases.
Consequently, the inducible EAPX1 levels by methylglyoxal and
ROS production play a pivotal role in cell growth and viability by
maintaining cellular redox homeostasis, which might control the
ROS and methylglyoxal levels independently of catalytic EASC oxi-
dation or cellular respiration. Our experimental results coincide
with those of a previous report that intracellular GSH and ROS
levels in budding yeast underwent delicate changes in the intracel-
lular concentrations of these redox buffers due to transcript proﬁle
alterations of the GSH-dependent redox systems, including thiore-
doxins, Trx reductase, GSH, thiol peroxidases, GSH peroxidases and
GSH transferase-biosynthesizing genes, for hyphal growth in
C. albicans [45]. This is the ﬁrst report demonstrating that cellular
changes in the methylglyoxal and ROS content could be regulated
by APX as a positive regulator in terms of differentiation and
virulence, independently of the intracellular EASC content in
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